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The Novel cAMP-Insensitive HCN4-695X Mutation is Associated with
Marked Sinus Bradycardia but Regular Autonomic Rate Control
Patrick Schweizer, Nana Duhme, Dierk Thomas, Ru¨diger Becker,
Jo¨rg Zehelein, Andreas Draguhn, Claus Bruehl, Hugo A. Katus,
Michael Koenen.
The mammalian genome encodes four HCN channels (HCN1-4), which in re-
sponse to hyperpolarization activate the pacemaker current If. HCN4, undoubt-
edly the dominant HCN isotype in the sinoatrial node was suggested to be
critical for generation and regulation of heart rhythm, but the precise implica-
tion is still unresolved. Here we report a novel HCN4 mutation that may allow
for better understanding how HCN4 contributes to heart rate regulation in
humans.
In a candidate gene approach, we identified a HCN4 mutation in a 45 year-old
female referred to our clinic with marked sinus bradycardia (heart rate 41 bpm).
Clinical evaluation including echocardiography, dobutamine-stress MRI, tread-
mill-test and 24h-holter recording showed regular chronotropic competence,
normal heart rate variability and no signs of ischemic or structural heart dis-
ease. DNA sequence analysis revealed a heterozygous insertion of 13 nucleo-
tides in exon 6 of the HCN4 gene (HCN4-695X) leading to a truncated cyclic
nucleotide binging domain. Biophysical properties measured by whole-cell
patch-clamp technique of human embryonic kidney cells demonstrated that
mutant channels were insensitive towards cAMP. Co-expression of mutant
and wildtype subunits induced currents with properties nearly identical to cur-
rents produced by homomeric mutant channels, indicating that HCN4-695X
subunits affect HCN4 currents in a dominant-negative mode. Pedigree analysis
confirmed seven additional mutant-carriers characterized by a similar clinical
phenotype, notably sinus node dysfunction with maintained chronotropic com-
petence.
In conclusion we report a family with inherited sinus bradycardia linked to
a novel cAMP-insensitive HCN4 mutation that induces a dominant-negative
effect in the heterozygous conformation. Importantly regular chronotropic
competence and normal heart rate variability of mutant-carriers indicate that
mutant HCN4 channels can be substituted in-vivo, questioning their critical
role for autonomic heart rate control in humans.
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Nanoparticles used to Study Allosteric Control of Ion Channels
Sourabh Banerjee, Crina M. Nimigean.
Nanoscale apolipoprotein bound bilayers (NABBs) are stable, homogeneous
discoidal lipid bilayers, approximately 10 nm in diameter, formed by a stoichio-
metric mixture of zebrafish apo A-I protein (zap1) and lipids [1]. We showed
previously using KcsA incorporated into NABBs that the NABBs can serve
as carriers to efficiently deliver ion channels to a distinct bilayer [2]. We
now report the use of NABB technology to study binding events in more com-
plex ion channels. We optimized reconstitution of several new channels into
NABBs. Here we present data obtained from a prokaryotic cyclic nucleotide
modulated potassium channel, MloK1, using NABBs.We performed character-
ization studies of MloK1-NABB complexes using gel-filtration chromatogra-
phy, electron microscopy imaging and isothermal titration calorimetry. We
compare the binding affinity of cyclic nucleotides to MloK1 in NABBs with
that of isolated cyclic nucleotide binding domains (CNBDs). We discuss the
use of these complexes as an ideal platform for discovering allosteric modula-
tors of these channels. The functions of NABBs highlighted here extend the
versatility of discoidal lipoproteins for studying membrane proteins outside
the cellular environment. [1] S. Banerjee, T. Huber, T.P. Sakmar. 2008. Rapid
Incorporation of Functional Rhodopsin into Nanoscale Apolipoprotein Bound
Bilayer (NABB) Particles. J. Mol. Biol. 377, 1067-81. [2] S. Banerjee, C.M.
Nimigean 2010. Ion Channels in Nanoscale Apolipoprotein Bound Bilayers.
Biophys. J. 98, 600a.
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Characterization of the ClC-1 Conductance at the Surface and Transverse
Tubular System Membranes of Mammalian Skeletal Muscle Fibers
Marino DiFranco, Alvaro Herrera, Julio L. Vergara.
ClC-1 is believed to be primarily responsible for the resting conductance in
mammalian skeletal muscle fibers. However, the actual distribution of ClC-1
channels between the surface and transverse tubular system (TTS) membranes
has not been assessed in intact muscle fibers. To investigate this issue, we volt-
age-clamped enzymatically dissociated short fibers using a 2-microelectrode
configuration and simultaneously recorded chloride currents (ICl), and di-8-
ANEPPS fluorescence signals to assess membrane potential changes in
the TTS. Experiments were conducted in conditions that blocked all, but thechloride conductance. Fibers were equilibrated with 40 or 70 mM intracellular
chloride in order to enhance the magnitude of inward ICl, and the specific ClC-1
blocker 9-ACA was used to eliminate these currents whenever necessary. Volt-
age-dependent di-8-ANEPPS signals and ICl acquired before (control) and after
the addition of 9-ACA were comparatively assessed. Early after the onset of
stimulus pulses, di-8-ANEPPS signals under control conditions were smaller
than those recorded in the presence of 9-ACA. We defined as attenuation the
normalized time-dependent difference between these signals. Attenuation
was discovered to be ICl-dependent since its magnitude varied in close correla-
tion with the amplitude and time course of ICl. While the properties of ICl, and
those of the attenuation seen in optical records, could be simultaneously pre-
dicted by model simulations when the chloride permeability (PCl) at the surface
and TTS membranes were approximately equal, the model failed to explain the
optical data if PCl was precluded from the TTS membranes. Since the ratio
between the areas of TTS membranes and the sarcolemma is large in mamma-
lian muscle fibers, our results demonstrate that a significant fraction of the
experimentally recorded ICl arises from the TTS. Supported by NIH grants
AR047664, AR041802, and AR054816.
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Tonic Protein Kinase A-Dependent Effects on KV Channels in Mesenteric
Smooth Muscle Cells
Jenny L. Brignell, Noel W. Davies, Carl P. Nelson, R AJ Challiss,
Matthew P. Perry.
We examined the regulatory role of tonic cAMP-dependent protein kinase
(PKA) activity on Kv current of smooth muscle cells isolated from 3
rd/4th-order
rat mesenteric arteries using whole-cell recording. Applying KT5720 (1 mM), a
PKA inhibitor, attenuated the Kv current by 40.25 7.4% (n = 4) at þ50 mV;
a similar inhibition was seen with Rp-cAMPS (100 mM). Since PKA activity is
dependent on adenylyl cyclase (AC)-mediated generation of cAMP, inhibiting
AC ought to mimic PKA inhibition. Application of the AC inhibitor 2’,5’-di-
deoxyadenosine inhibited the Kv current by 43.7 5 7.1% (n=6). To assess
whether these inhibitory effects involve a reduction in channel phosphorylation
we examined whether inhibiting dephosphorylation maintains the activity of
Kv channels even if PKA is inhibited. We found that cyclosporine A (4 mM),
a protein phosphatase 2B inhibitor, abolished the inhibitory effect of
KT5720, consistent with KT5720 reducing PKA-dependent phosphorylation
of Kv channels. The targeting of PKA to phosphorylate K
þ channels has
been shown previously to involve A-kinase anchoring proteins (AKAP). Appli-
cation of Ht-31 (20 mM ), an AKAP-mimetic peptide, did not inhibit Kv current,
suggesting that PKA modulation of Kv channels in mesenteric smooth muscle
may occur independently of AKAP. Attempts to enhance Kv current by activat-
ing PKA directly with dibutryl cyclic AMP (100 mM) were unsuccessful.
Furthermore, b-adrenergic receptor activation with isoprenaline (100 nM),
which increases cAMP levels substantially, was also ineffective in increasing
Kv current amplitude, suggesting that under our experimental conditions the
tonic effect of PKA on Kv channels is already maximal.
[Funding acknowledgement: British Heart Foundation, UK (RG/06/008/
22062)].TRP Channels
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Analysis of the Functional Determinants of Cation Permeation
Through TRPC3
Michael Poteser, Michaela Lichtenegger, Hannes Schleifer,
Christoph Romanin, Klaus Groschner.
The mammalian TRPC3 protein is a non-selective cation channel that is acti-
vated via G-protein coupled receptors and PLC-metabolism. While the impor-
tant role of TRPC3 in physiological functions is well recognized, only little
information is still available on the architecture and structure-function relations
of the TRPC permeation pathway. Based on a computational homology model
of the pore structure, we set out to explore the permeation pathway and to iden-
tify residues essential for cation transition trough TRPC3 channels. Our model
was tested by site directed mutagenesis and by SCAM (substituted cysteine
accessibility method). Substitution of negatively charged residues E616,
E630, D639 and E644 within the putative pore loop by uncharged amino acids
resulted in functional channels but generated an altered IV-relationship along
with reduced Ca2þ- and Ba2þ-permeability by the charge neutralization in
position 630. Inversion of the charge at positions 616 and 630 resulted in
non-functional channels, while an E-K substitution at position 644 did not alter
channel properties. SCAM analysis, in accordance with the computational
homology model, indicates that E630 is located in a central position within
the selectivity filter. The identification of E630 as a site, critical for permeation
106a Sunday, March 6, 2011of divalent ions and selectivity, is an important step towards understanding the
structural base of TRPC3 channel function.
Supported by the FWF, P21925.
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Analysis of the Molecular Basis of Ca2þ- dependent Regulation of TRPC3
Channels
Michaela Schernthaner, Michael Poteser, Michaela Lichtenegger,
Hannes Schleifer, Christoph Romanin, Klaus Groschner.
TRPC3 generates non-selective cation channels that are subject to a highly
complex regulation by the permeating cation Ca2þ. This Ca2þ-mediated con-
trol of TRPC3 is considered to include mechanisms of negative feedback reg-
ulation (current inactivation) essential for physiological roles of the channel
complex. Ca2þ ions may control TRPC channel function by interaction with
regulatory proteins that are located in, or targeted to a cytoplasmic regulatory
microdomain or alternatively by certain interactions with the permeation path-
way. To explore the molecular basis of TRPC3 modulation by Ca2þ, we tested
the impact of Ca2þ permeation and of negative feedback regulation by PKC on
Ca2þ sensitivity of TRPC3 channels expressed in HEK293 cells. TRPC3 cur-
rents were rapidly suppressed by elevation of extracellular Ca2þ (0.8 to 2 mM)
range after activation via muscarinic receptor stimulation in nominally Ca2þ-
free solution, and removal of divalents from the extracellular solution activated
a TRPC3-mediated conductance. Neutralization of a single negative charge
within the putative pore domain (E630Q) generated channels which were
largely insensitive to changes in extracellular divalents but displayed normal
current decay during activating stimuli. Mutation in T573, which is required
for down-regulation of channels by PKC-phosphorylation (T573A; ‘‘moon-
walker’’) was associated with a strongly reduced current decay. We conclude
that TRPC3 channels sense the extracellular Ca2þ concentration by a Ca2þ
binding site within the permeation pathway, while current decay after stimula-
tion is barely dependent on Ca2þ permeation through the channel but involves
regulatory phosphorylation.
Supported by FWF, P21925-B19.
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Inhibition of TRPC6 Channels by TRPC1/C5 Channel Activity Through
a Ca2þ and Pkc-Dependent Mechanism
Anthony P. Albert, Jian Shi, Min Ju, William A. Large.
Vascular myocytes express two groups of functional canonical transient recep-
tor (TRPC) channels, which we have termed TRPC1 for TRPC1-containing and
TRPC3/6/7 for non-TRPC1 containing channels. These two groups have dis-
tinct properties from each other, for example, TRPC1 channels have a single
unitary conductance of 2-3 pS and require PIP2 and PKC for activation,
whereas TRPC3/6/7 channels have multiple conductances between 10-70 pS
and are inhibited by PIP2 and PKC. The present work investigated interactions
between TRPC1/C5 and TRPC6 channels activities evoked by angiotensin II
(Ang II) in freshly isolated rabbit mesenteric artery myocytes.
In low intracellular Ca2þ buffering conditions, 1 nM and 10 nM Ang II acti-
vated both 2 pS TRPC1/C5 and 15-45 pS TRPC6 channels whereas 100 nM
Ang II only activated TRPC1/C5 channels in outside-out patches. Inclusion
of anti-TRPC1 and -TRPC5 antibodies, raised against intracellular epitopes,
in the patch pipette solution blocked TRPC1/C5 activity but increased
TRPC6 activity activated by 1-100 nMAng II. Bath application of T1E3, raised
against an extracellular epitope, also potentiated Ang II-induced TRPC6 activ-
ity. These results show that inhibition of TRPC1/C5 channels increases the ac-
tivity of TRPC6 channels.
With high intracellular buffering conditions, 1-100 nM Ang II-evoked TRPC6
activity was increased in outside-out patches whereas increasing intracellular
Ca2þ levels reduced TRPC6 activity in inside-out patches. Pre-treatment
with the PKC inhibitor chelerythrine greatly increased 1-100 nM Ang II-acti-
vated TRPC6 activity. Co-immunoprecipitation studies showed that Ang II in-
duced phosphorylation of TRPC6 protein which was inhibited by chelerythrine,
T1E3 and zero external Ca2þ levels.
These studies show novel interactions between TRPC1/C5 and TRPC6 chan-
nels, whereby TRPC1/C5-mediated Ca2þ influx and stimulation of PKC phos-
phorylates TRPC6 protein which leads to channel inhibition.
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PI3 Kinase-Mediated Pathways Activate TRPC Channels in Vascular
Myocytes
Anthony P. Albert, Jian Shi, Min Ju, Sohag N. Saleh, William A. Large.
It is generally thought that vasoconstrictors activate canonical transient recep-
tor potential (TRPC) channels through stimulation of phospholipase-mediated
pathways in vascular myocytes, with generation of diacylglycerol (DAG) being
an essential event. TRPC1-containing channels are activated by DAG through
a PKC-dependent pathway whereas non-TRPC1-containing channels (e.g.TRPC3/6/7) are gated by DAG via a PKC-independent mechanism. However,
endothelin-1 (ET-1)-evoked TRPC1 and TRPC3/6/7 channels in rabbit coro-
nary artery myocytes are not inhibited by phospholipase inhibitors, which indi-
cates that other mechanism are involved in activating these channels. Therefore
the present work investigated activation mechanisms coupling ET-1 to opening
of these channels.
Stimulation of ETA receptors by ET-1 (in the presence of the ETB receptor an-
tagonist BQ788), vascular endothelium growth factor (VEGF) and interleukin-
1beta (IL-1beta) activated both TRPC1 and TRPC3/6/7 channels in cell-at-
tached patches, which were not blocked by phospholipase C, D and A2 inhib-
itors but were blocked by the phosphatidylinositol-3 (PI(3)) kinase inhibitor
wortmannin. Bath application of phosphoinositol-3,4,5-trisphosphate (PIP3,
product of PIP3 activity) to the cytosolic surface of inside-out patches activated
TRPC1 but not TRPC3/6/7 channel activity. Moreover, a PI3 kinase activator
and also PI(3) phosphatase inhibitors activated TRPC1 and TRPC3/6/7
channels.
These results provide novel information that stimulation of PI3 kinase and gen-
eration of PI(3) molecules by physiological and pathological vasoactive agents
also have important roles, in addition to phospholipase-mediated generation of
DAG, in activating TRPC channels in vascular myocytes.
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A Structural Model of the TRPP2/PKD1 C-Terminal Coiled Coil Complex
Obtained by a Combination of Computational
and Experimental Approaches
Jiang Zhu, Yong Yu, Maximilian H. Ulbrich, Minghui Li, Ehud Y. Isacoff,
Barry Honig, Jian Yang.
Autosomal dominant polycystic kidney disease (ADPKD) is caused by muta-
tions in the genes encoding TRPP2 and PKD1, which form an ion channel/
receptor complex containing three TRPP2 and one PKD1. PKD1 is a large in-
tegral membrane protein containing 11 putative transmembrane regions, while
TRPP2 has 6 transmembrane regions and belongs to the transient receptor
potential (TRP) channel family. TRPP2 and PKD1 associate through their
C-termini, where a single PKD1 coiled coil binds to a TRPP2 coiled coil trimer.
Many ADPKD pathogenic mutations result in the abolishment of the TRPP2/
PKD1 coiled coil complex. Obtaining the structure of this complex would
help us better understand its crucial role in the assembly and function of the
full length TRPP2/PKD1 complex. By combing computational and experimen-
tal approaches, we generated a structural model for this coiled coil complex,
based on a crystal structure of the TRPP2 coiled coil trimer. The structural
model was constructed by a two-step docking strategy, which combines itera-
tive rigid-body search and molecular dynamics (MD) simulations. In this struc-
tural model, the N-terminal region of the TRPP2 coiled coil remains as a trimer,
but the C-terminal regions of two of the three TRPP2 helixes interact with a sin-
gle PKD1 coiled coil to form a new trimer. Disruption of predicted critical
TRPP2/PKD1 interface contacts abolished or greatly weakened the association
between TRP2 and PKD1 coiled coils, supporting the accuracy of the structural
model. Some mutations also greatly attenuated the assembly of the full-length
TRPP2/PKD1 complex, providing the means to specifically disrupt this com-
plex and study its functional importance in vitro and in vivo. The structural
model also sheds light on the pathogenic mechanisms of some ADPKD-causing
mutations.
*J.Z. and Y.Y. contributed equally to this work.
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Actin-Binding Proteins Mediate Regulation by Calcium of Polycystin-2
(tRPP2)
Marı´a del Rocı´o Cantero, Horacio F. Cantiello.
Polycystin-2 (PC2, TRPP2) is a member of the TRP superfamily that acts as
a non-selective cation channel, with permeability to calcium. PC2 is implicated
in calcium transport, and therefore, its regulation by calcium is relevant to
its role(s) in cell function. Recent studies (Cantero & Cantiello, BJ
98(3):340a, 2010) demonstrated that PC2 channel activity from human syncy-
tiotrophoblast is regulated by cytoplasmic calcium, such that low calcium (<
0.3 nM) renders the channel inactive. Titration of cytoplasmic calcium recovers
PC2 channel activity, with a Hill coefficient of 4 and an apparent affinity con-
stant of 1-5 nM. Interestingly, in vitro translated PC2, devoid of regulatory pro-
teins was completely insensitive to intracellular calcium (ibid). In this study we
further explored the nature of this regulation by assessing potential calcium-
sensitive target proteins in the channel complex. Several calcium sensitive
and insensitive actin-binding proteins (ABP) were studied in the in vitro trans-
lated protein. The actin-bundling protein a-actinin (250 nM) increased PC2
channel activity in the presence of high (10 mM) cytoplasmic calcium, but in-
stead was inhibitory in its absence. The calcium insensitive G-actin binding
protein profiling (4 nM), increased PC2 channel activity both in presence and
